I. INTRODUCTION
The conventional vehicle suspension equipped with a spring-damper unit is still dominating the market, due to its simplicity and low cost. Active suspensions are widely studied to improve drive comfort (e.g. reduce car body oscillation and adjust chassis attitude) and handling ability (e.g. maintain the tire deflection within an acceptable level) [1] . Two main types of active suspensions have been historically proposed and studied. One uses a separate (hydraulic or electromagnetic) actuator to exert an independent force between the sprung mass and the unsprung mass, while the other, which is known as semi-active suspension, adopts magnetorheological fluid to fill the damper, and in this way the damping coefficient can be actively controlled [2] - [7] .
More recently, a Series Active Variable Geometry Suspension (SAVGS), which is based on electromechanical actuation, has been proposed as a valid alternative to existing solutions [8] - [12] . The SAVGS is expected to be suitable for light vehicles, as the actively controlled single-link component is in series with the spring-damper unit and the chassis, and thereby supporting the whole sprung mass above. Therefore, the SAVGS demands higher actuator torque as the chassis mass increases. Inspired by this, a novel Parallel Active Link Suspension (PALS) for road vehicles is proposed, with a rocker-pushrod assembly (K-J-F) in parallel with the *This work was supported by the UK Engineering and Physical Sciences Research Council (EP/G006477/1), by Imperial Innovations and by China Scholarship Council (No. 201406320205) .
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conventional spring-damper unit (G-E), as shown in Figure 1 [13] . The PALS application to a quarter car with double wishbone suspension. The link 'K-J' is the rocker, while the link 'J-F' is the pushrod. ms is the sprung mass of the quarter car while mu is unsprung mass. Ftz and Fty are the vertical and the lateral tire force respectively. TRC is the rocker torque [13] .
By means of the actively controlled TRC at each corner of the chassis, the novel PALS mainly facilitates a car with: 1) chassis leveling by reducing the pitch and roll angles, 2) ride comfort and road holding improvement by minimizing the variation of the chassis vertical acceleration and the tire loads. Moreover, the PALS has the following features of: 1) low power demand in the actuation, as the rocker-pushrod assembly can be geometrically optimized to maximize the rocker torque effect to the tire load, 2) small sprung mass increment and negligible unsprung mass increment, as the rocker actuation and transmission mechanism are attached onto the chassis, and 3) fail-safe behavior in cases of actuator or power failure.
In this paper, a linear control strategy for the PALS-retrofitted quarter car test rig is proposed. The main contributions are: 1) linearization of the nonlinear quarter car model with the PALS, 2) linear control synthesis with outer-loop H-infinity control and inner-loop actuator torque tracking, and 3) nonlinear simulations with the model of the PALS-retrofitted quarter car test rig for evaluation of performance enhancement and power consumption. 
A. Rocker-Pushrod Dimensioning
The PALS-retrofitted quarter car is developed based on an existing Ferrari F430 rear suspension assembly, which has been used to build a prototype to test both the SAVGS and the PALS. The double-wishbone arms are made from cast iron and its complex geometry makes it difficult for extra mechanical processing (e.g. drilling). Thus, in order to simplify the design for this configuration, the cylindrical joint 'F' shown in Figure 1 is aligned with the lower end eye of the spring damper ('E').
After optimizing the PALS geometry thoroughly, with the space interference (e.g. the installation size of the rotary actuator), the actuator limit speed and the geometry constraints throughout all possible wheel travel distance taken into account, the lengths and exact position of the rocker and the pushrod are determined [13] . The main parameters of the quarter car test rig are listed in Table I in the Appendix. Figure 2 shows the schematics of the linear equivalent modelling method, where an equivalent model with two vertical degrees of freedom is built to approximate the multi-body system under investigation. Variables with subscript "eq" denote quantities adopted in the linear model. The following assumptions have been made in the transformation from the multi-body model to the linear equivalent model: 1) Geometry equivalence: both models must have same suspension deflection (ls = zu -zs, the vertical distance between the sprung mass center and the unsprung mass center) and same tire deflection (lt = zr -zu, the vertical distance between the unsprung mass center and the road surface);
B. Linear Equivalent Model
2) Actuator equivalence: both the real rotary actuator and the virtual equivalent linear actuator must have the same power output:
3) Spring-damper equivalence: the equivalent spring satisfies Hooke's law, while the equivalent damper has the same energy dissipation as the actual one:
The conversion coefficients between the real multi-body model and the equivalent one are listed in (3) and can be derived from (1)- (2). They are all functions of the suspension deflection increment (Δls).
Equivalent spring stiffness and damping coefficient are further approximated to be the values at their equilibrium state (γk = 0.3679, γc= 0.3502), as they are slightly dependent on the suspension deflection, while β is plotted in Figure 3 . From the parameters derived above, the linear equivalent model of the PALS-retrofitted quarter car can be obtained by applying Newton's second law to the sprung and unsprung masses separately: 
where ∆ls and ∆lt are the increment in the suspension deflection and the tire deflection (with respect to the static equilibrium state).
With regards to the nonlinear simulations and the practical applications, the control output FRC* needs to be converted into TRC* before feeding the rocker's rotary actuator. This conversion coefficient β also lumps the geometry nonlinearity of the suspension multi-body model.
With the above derived linear equivalent model of the PALS-retrofitted quarter car, an outer-loop H-infinity control is synthesized to enhance the suspension performance of ride comfort and road holding, while an inner-loop proportional-integral control is developed for the reference torque tracking in the rocker actuator.
C. Outer-loop H-infinity Control Synthesis
The H-infinity technique is typically adopted in linear MIMO (multi-input and multi-output) systems, with cross-coupling objectives to be minimized [14] , [15] . This controller is relatively robust as it can deal with the system uncertainties (e.g. changes in parameters) and the environment noise (e.g. sensors measurement). The standard configuration for H-infinity synthesis is illustrated in Figure 4 . the road disturbance), u is the manipulated variables (i.e. the rocker torque), e is the performance objectives to be minimized (i.e. the vertical acceleration of the sprung mass, the vertical tire force, etc.) and y is the system feedback to be measured (i.e. the vertical acceleration of the sprung mass, the suspension deflection).
The in-built MATLAB command hinfsyn is used for the H-infinity controller synthesis developed in this study. The performance objectives [e1 e2 e3] to be minimized are: 1) the sprung mass vertical acceleration, which reflects the ride comfort, 2) the tire deflection, as it is to evaluate the road holding and 3) the control effort of the actuator reference force, as the active suspension is expected to contribute only at the frequency range of interest. The control effort penalization benefits the system with energy saving as well as high-frequency noise resistance. The system disturbances are: 1) d1, the vertical road velocity, 2) d2, the noise of the suspension deflection measurement (y1) by a potentiometer and 3) d3, the noise of the sprung mass acceleration measurement (y2) by an accelerometer. The disturbance of the load transfer on the quarter car is not included here, as it cannot be emulated by the test rig.
Weighting functions [WAcc WTD Weff] indicate the importance of these performance objectives in the frequency domain, and they are listed as below. The feedback measurements [y1 y2] are selected as the vertical acceleration of the sprung mass and the changes in the suspension deflection. The tire deflection is not included as it is not feasible for the practical measurement. 
D. Inner-loop Actuator Torque Tracking Control
A permanent-magnet synchronous motor (PMSM, supplied as Kollmorgen AKM33H), together with its servo drive (Kollmorgen S300) are selected to drive the rocker, due to the high power density and excellent dynamics response. The main parameters and control gains are listed in Table II in the Appendix. A 40:1 gearbox (UT075-40) is added between the actuator and the rocker to shape the torque-speed envelope. The PMSM control aims to minimize the tracking error of the reference rocker (TRC*), which is provided by the synthesized H-infinity controller.
The classical "d-q" vector equivalent modeling and "zero d-axis current control algorithm" are adopted, as shown in Figure 7 . The rocker torque tracking control bridges the H-infinity control and the mechatronic system of the PALS-retrofitted quarter car. 
E. Overall Control Implementation
The overall control implementation to the nonlinear PALS-retrofitted quarter car test rig is shown in Figure 8 . The function β -1 (refers to Figure 3 ) converts the equivalent linear force (FRC) to the rocker torque (TRC). Additionally, the synthesized H-infinity controller needs to be discretized, as a real-time micro-controller is utilized in the test rig and has been configured to have 0.005 seconds sampling period in all I/O ports. 
III. NONLINEAR SIMULATIONS

A. Nonlinear System Modelling
Nonlinearities of the PALS-retrofitted quarter car test rig include: 1) geometry of the double wishbone suspension assembly, 2) the variable damping with respect to the velocity of the spring-damper extension/compression, 3) the electrical dynamics of the rotary actuator with the saturation of current/voltage/power and torque/speed avoided being violated.
The nonlinear model of the mechanical suspension is built in a multi-body software AutoSim [16] , while the modelling and control of the actuator are implemented in MATLAB/Simulink, where techniques of the d-q transformation and position/velocity/torque cascaded control algorithm are applied to this PMSM machine [17] - [19] .
Sections B-D present the simulation results of the nonlinear PALS quarter car model, with a harmonic road, a smoothed bump and hole road, and a set of random road profiles investigated respectively. Section E evaluates the power consumption of the actuator with all above road cases.
B. Case Study of Harmonic Road
The road disturbance at 2 Hz is thought to be in the human sensitive frequency range, as its corresponding vehicle dynamics significantly affects passengers' comfort. Figure 9 shows the simulation results over a 2 Hz harmonic road profile, with the peak-to-peak amplitude of 2.75 cm. Compared with those in the passive case, the rocker-pushrod assembly can contribute 55.3%, 52.5% and 55.6% reduction (RMS) in the sprung mass acceleration, the tire force and the suspension deflection respectively.
C. Case Study of Bump and Hole
A quarter car over a smooth bump and hole can indicate the characteristics of the system step response. Figure 10 shows the performance difference between the active and the passive case. The actively controlled rocker torque contributes to the suspension dynamics significantly, as the sprung mass acceleration, the tire force and the suspension deflection drop by 27.7%, 25.1% and 14.2% respectively at the bump case, and 27.6%, 25.0% and 15.4% when experience the hole. 
D. Case Study of Random Road
The random road profile is generated according to [ISO 8608: 1995] , where different road roughness is defined in the space frequency (cycles/m) domain. n0 and ω are constants, while k = 2-9 corresponds to Class A-H. The power spectrum density (PSD) of the generated Class A and C road profiles are shown in Figure 11 . The random road response of the suspension dynamics can indicate the system frequency characteristics. Figure 12 presents the PSD estimate for the sprung mass acceleration and the vertical tire force. Both are significantly reduced at human-sensitive frequency section. Figure 13 shows the nonlinear simulation results of the rocker actuator torque against the high-speed shaft (HSS) velocity, with different road profiles (the bump, the hole, and the random road profiles of Class A, B and C) performed. The solid black lines indicate the boundaries of the actuator operation points over the random road profiles, as they can cover the whole region inside when the PALS experiences a long enough road. The actuator in the case of the class C random road demands the highest torque (2 N·m) and velocity (2500 rpm), while the power demand of the rocker actuator is within 500 W in the generating mode and 150 W in the motoring mode.
E. Actuator Dynamics Consumption
IV. CONCLUSION AND FUTURE WORK
In this paper, a novel vehicle suspension of the Parallel Active Link Suspension (PALS) is introduced and adapted into a quarter car test rig. Based on a derived linear equivalent model of the PALS-retrofitted quarter car test rig, a linear control scheme with an H-infinity outer-loop control and an inner-loop actuator torque tracking is synthesized to enhance the suspension performance of ride comfort and road holding. Nonlinear simulation results show that the PALS-retrofitted quarter car test rig is promising, with significant performance improvement (more than 55% reduction of the sprung mass vertical acceleration with 2 Hz harmonic road) and highly limited power consumption (less than 150 W in the motoring mode and 500 W in the generating mode of the actuator when experiencing the case of ISO class C random road).
This paper provides a solid foundation for the PALS experimental study in terms of control design and implementation. The present simulation results can be used for comparison with experimental test results to validate the practical feasibility of the novel PALS, including the accuracy of the assumed mathematical models, the robustness of the synthesized control scheme, and the actual performance enhancement and power demand. 
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